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Research Goals

The long-term goals of this project are to: (1) develop detailed 3D models of electron and charged particle
transport within trabecular bone taken from various skeletal sites, subject ages, and both sexes, and (2) to extend
current Reference Man skeletal dosimetry models to more clinically relevant patient populations.

1. NMR microscopy and radiation transport techniques

Detailed descriptions of our methodology for NMR microscopy of trabecular bone are given in the
Appendices A-C; they are only briefly discussed here. For NMR imaging experiments that use intact marrow as
the NMR signal source, only physical sectioning of the excised sample is required. For the marrow-free
samples, the trabecular bone sections are first immersed and suspended within a circulating solution of 5.25%
sodium hypochlorite for 2-4 hours. The samples are then rinsed in hot water and re-immersed in a new
solution. This process is repeated up to four times depending on the size of the sample. Visual inspection is
used to determine the number of repetitions needed. To ensure that water completely fills all marrow cavities,
each sample is placed in a container filled with Gd-doped water under vacuum. While still immersed, the
sample is placed in a smaller container filled with Gd-doped water. This container is sealed and taken to the
Advanced Magnetic Resonance Imaging and Spectroscopy (AMRIS) Facility of the University of Florida Brain
Institute for NMR microscopy.

A Bruker 20-cm wide bore Avance Imaging Spectrometer, operating at a 200 MHz proton resonance (4.7
T magnetic field strength) was used to obtain all NMR images in these studies. This system is fitted with a
microimaging accessory, consisting of 3-axes magnetic field gradients, with a 22 Gauss cm™ maximum gradient
amplitude in all three orthogonal directions. A 35-mm diameter quadrature birdcage coil of length 45 mm was
used in order to obtain the best signal to noise ratio (SNR). For all imaging sessions, a conventional 3D spin-
echo pulse sequence was used to obtain fully three-dimensional images of the samples. Fields of view are
typically 4.5 cm x 2.25 cm x 2.25 cm with matrix dimensions of 512 x 256 x 256. The resulting spatial
resolution of the 3D images is thus 88 um x 88 pm x 88 pm. Smaller voxel dimensions have been achieved at
UF (~ 50 pm) but at the cost of increased imaging time.

Image processing steps include (1) visual inspection of the images (to note image artifacts attributable to
air bubbles, sample misalignment, or inadequate marrow digestion), (2) selection of an optimal threshold within
the gray-level histogram, and (3) image filtering. A binary image is thus produced in which voxels of bone and
marrow are seen within the image. An interior region-of-interest (ROI) is selected for coupling to EGS4.
Electrons are permitted to begin their random paths in either the trabecular marrow space (TMS), trabecular
bone volume (TBV), or trabecular bone endosteum (TBE), where the latter is defined as the region of the
marrow space 10 um from the surface of a bone voxel (1). If the electron leaves the ROI, it is reintroduced
within a replicate copy of the image. In what is termed the infinite trabecular-region transport model, this
process of particle reintroduction is continued until the full initial energy of the electron is deposited. This
technique thus recreates the current assumptions made in the Reference Man skeletal model. A second
approach made in our research is to develop a macrostructural transport model in which the physical size and
dimensions of the trabecular spongiosa are additionally modeled, as well as the thickness of the cortex of
cortical bone. A comparison of these two models is given below in Section 8. Marrow cellularity is addressed
in Section 7.

2. Assessment of minimum voxel size needed for accurate dosimetry

NMR microscopy of in-vitro trabecular bone samples can easily achieve image resolutions in the range of
50 to 100 um within reasonable acquisition times (7 to 20 hours). Nevertheless, decreases in voxel dimensions
must be accompanied by increases in image acquisition time to counteract loss of signal-to-noise.
Consequently, it is instructive to know what voxel dimension is required for accurate radiation dosimetry.
Above this dimension, one will expect errors in dosimetry to occur (voxels are too large to model properly the
bone-marrow interface). Below this dimension, improvements in dosimetry will not be cost-effective as larger
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voxel dimensions should suffice. At the onset, it was realized that the demands of the imaging systems for
radiation dosimetry will be less stringent than for applications of biomechanical modeling of the bone
trabeculae. In the latter, each trabecula must be accurately represented so as to preserve connectivity between
adjacent trabeculaec within the skeletal lattice. In the simulation of electrons and beta particles, energy
deposition is averaged across the entire structure, and thus slight errors in imaging might not be as important.

In this study, a mathematical model of trabecular bone was constructed in which spheres of marrow were
placed within a cubical sample of bone (2, 3). The spaces between the marrow spheres thus represent the bone
trabeculac. While the model only approximately describes the true trabecular microstructure, the distribution of
sphere radii and their placements within the bone cube were carefully chosen so that chord-length distributions
traced across the entire object faithfully represented the bone and marrow chord distributions measured by
Whitwell in the cervical vertebra of Reference Man. Electron sources in the marrow spaces were thus modeled
in EGS4 and absorbed fractions to bone and marrow were tabulated as a local “gold standard”. Next, the
mathematical model was “voxelized” so as to represent an NMR microscopy image of voxels ranging from 16
pm to 1000 pm. For each simulated NMR image of the mathematical bone sample, identical EGS4 electron
transport simulations were then performed. The results were then compared to those from the “gold standard”
non-voxelized geometry. These comparisons indicated that marrow volume fractions were preserved at image
resolutions as low as 300 pm, much greater than current abilities of NMR microscopy (50-100 pm). For self-
irradiation of the marrow tissues, no error in dosimetry was noted at resolutions below 300 pm for high-energy
emitters, while errors of only 2-5% were seen for low-energy emitters. Errors in the cross-dose to bone were
minimal for high-energy emitters, but could approach 25% for very low-energy emitters. The reason for
problems in cross-dose at low energies was attributed to an overestimate of the bone-marrow interface by as
much as 50% within voxelized images at high resolution. These problems will be addressed in Phase III studies
in which polygonal descriptions of the bone-marrow interface will be utilized during electron transport.

3. Studies to determine the precision of the image acquisition, image processing, and transport methodology

In a recent study by Patton et al. (4), a rectangular prism of spongiosa sectioned from the femoral head of
the 51-year male was used to quantify the precision of the entire image acquisition, image processing, and
radiation transport methodology. Following initial marrow digestion, the sample was repeatedly immersed in
Gd-doped water and imaged at 4.7 T using the 3D spin-echo pulse sequence discussed above. Following each
of the 5 imaging sessions, regions of interest were selected within the 3D images, coupled to EGS4, and
electron sources in the marrow cavities were simulated. Results of the repeated imaging and transport
simulations are shown in Figs. 1 and 2 for irradiation targets consisting of the trabecular marrow space (TMS)
and the trabecular bone endosteum (TBE), respectively. In Fig. 1, the absorbed fraction to marrow begins at
unity and decreases as electron energy is increasingly lost to the surrounding bone trabeculae. In this study, the
transport was conducted under the infinite trabecular-region transport geometry and thus convergence values
are approached at high energies. Visual inspection of the 2D images from Session 1 indicated that the sample
had not been optimally placed within the quadrature coil possibly due to sample movement within the imaging
container. Furthermore, this image indicated the presence of air bubbles. No artifacts were noted, however,
during a review of the 2D slices from images acquired in Sessions 2-5. The study thus concluded that visual
inspection of the images is crucial prior to radiation transport simulations. In comparing the results from
Sessions 2-5, an overall experimental precision error of at most 4% is noted at high energies.

Advancesin Photon and Neutron Skeletal Dosimetry Through NMR Microscopy Page 2
WE Bolch, Principal I nvestigator



1.00 ® 0.040 ¢
C 0.035 £ e g
090 | F P AR P 5
r s
C : g 0030 | T
S 080 g 0,025 F Ze —Session 1
8 r g U 2 —e--Session 2
% 070 | ¢ 002 | ’ --#- Session 3
a r g F > --a- Session 4
g F 0.015 r 5 j
g 0.60 F _QQ: E Sesson 5
< x 0010 F
0.50 [
[ 0.005
0'40 C 1 1 Lol 1 1 Lol 0.000 1 R 1 1 L1l 1 1
0.01 0.10 1.00 10.00 0.01 0.10 1.00 10.00

Electron Energy (MeV)

Figure2. A comparison of absorbed fractions @ TBE — TMS)
for all five imaging sessions under an infinite medium transport
model. The bone prism used for the comparison was sectioned
from a femoral head of the 51-year-old male cadaver.
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Figure 1. A comparison of absorbed fractions @TMS — TMS)
for all five imaging sessions under an infinite medium transport
model. The bone prism used for the comparison was sectioned
from a femoral head of the 51-year-old male cadaver.

4. Sudies of signal source — marrow free versus marrow intact samples

The study by Patton et al. (4) additionally looked at the feasibility of imaging marrow-intact samples of
trabecular bone. Fig. 3 shows the results of transport simulations of an electron source in the marrow cavity of
the femoral head of a 71-year male subject. The femoral head was excised during total hip arthroplasty, was
sectioned immediately following surgery, and was imaged at 4.7 T within four hours. Latter, the sample was
subjected to marrow digestion and re-imaged after immersing in Gd-doped water. Targets are the trabecular
marrow space (TMS), trabecular bone volume (TBV), and the trabecular bone endosteum (TBE). A maximum
variation of only 4% (within our experimental precision error) is seen at the most extreme energy between the
two signal sources. The study was also repeated using marrow-intact trabecular bone samples taken from the
right femoral head of the 51-year male cadaver. As shown in Fig. 4, the reproducibility of the imaging/transport
method is even better for this particular bone sample. The study concludes that either marrow-intact or marrow-
free samples may be used for NMR microscopy and radiation transport studies.
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Fig. 3. Comparisons between absorbed fractions for a TMS
electron source calculated using 3D NMR microscopy of a bone
cube with either intact marrow within the marrow cavities, or Gd-
doped water filling the marrow cavities following marrow
digestion. The bone prism used was physically sectioned from
the right femur head obtained from a 71-year-old male
undergoing total hip arthroplasty.
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Fig. 4. Comparisons between absorbed fractions for a TMS
electron source calculated using 3D NMR microscopy of a bone
prism with either intact marrow within the marrow cavities, or
Gd-doped water filling the marrow cavities following marrow
digestion. The bone cube used was physically sectioned from the
right femoral head harvested from a 51-year-old male cadaver.
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5. Introduction of marrow cellularity into the 3D radiation transport models

Both the Bouchet et al. (5) and the Eckerman and Stabin (6) chord-based models are forced to make rather
dramatic assumptions regarding the impact of marrow cellularity on the pattern of energy deposition by
electrons as they traverse marrow cavities. With the advent of 3D transport models based on microimaging of
the trabecular architecture, explicit differentiation of the marrow tissues in their active and inactive components
is now feasible (7). Shown in Figs. 5 and 6 are 2D slices from segmented and filtered 3D images of trabecular
bone in which three-voxel groupings of inactive marrow are introduced representing clusters of adipocytes. The
positioning of the clusters are based upon visual observations of biopsy slides of normal bone marrow in which
cluster size distributions and fractional bone perimeter coverage were assessed and recreated within the 3D
digital image (8). True trabecular active marrow (TAM) sources of electrons were thus simulated at marrow
cellularities ranging from 10% to 100%, the latter corresponding to a trabecular marrow space (TMS) source of
electrons. Fig. 7 displays absorbed fractions using the macrostructural transport model for the self-irradiation of
the active marrow within the femoral head of the 51-year male. Five values of marrow cellularity are assumed:
10, 30, 50, 80, and 100%.

Fig. 5. A 2D region of interest selected from a 3D NMR image Fig. 6. An identical slice through the 3D as shown in Fig. 5,
of a trabecular bone sample sectioned from the femoral head of a  except that the marrow cellularity is set 80% (20% fat fraction).
51-year male. Black voxels represent bone trabeculae, white
voxels represent active marrow (10% cellular), and gray voxels

represent inactive marrow (adipocytes clusters).
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Fig. 7. Electron absorbed fractions @ TMS«TMS) calculated for Fig. 8. Values of specific absorbed fraction based on the
marrow cellularities of 10%, 30%, 50%, 80%, and 100% using identical data given in Fig. 7. The specific absorbed fraction can
the macrostructural transport model for the femoral head of the be interpreted as the absorbed dose per decay for monoenergetic
51-year-old male. The values shown are the average absorbed electron sources. Weighting the specific absorbed fraction across
fractions of two separate bone samples sectioned from the the energy spectrum of a beta-emitting radionuclide will thus
femoral head (<4% variation at high energies). yield the radionuclide S value.
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The self-absorbed fractions for electron sources in the active marrow of the male femoral head are shown
to separate from one another at high energies in direct proportion to the reduction in active marrow target mass.
Consequently, it is instructive to normalize the absorbed fractions at each value of marrow cellularity by the
corresponding TAM target mass. Values of specific absorbed fraction, ®(TAM — TAM), are thus shown in Fig.
8. For high-energy electron emitters (energies exceeding several hundred keV), the mean dose per decay to
active marrow is shown to be independent of the marrow cellularity. At high energies, the electrons more or
less uniformly traverse the marrow cavities resulting in a uniform distribution of imparted energy to all marrow
tissues. At high energies, both the active and inactive marrow components experience the same absorbed dose
independent of their respective volume fractions within the marrow space. As one considers lower and lower
energy emissions within the active marrow, however, the spatial separation of the active and inactive marrow
tissues becomes increasingly important, particularly at low cellularities (high fat fractions). Fig. 8 shows that
the mean dose per decay to active marrow for 10 keV electrons is a factor of 3 higher than in marrow of 30%
cellularity. For marrow at 50% cellularity, the dose per decay delivered by 10 keV electrons is a factor of 0.6
lower than at 30% cellularity. For low-energy emitters in the energy range of 10 to 100 keV, the specific
absorbed fractions, and thus the radionuclide S values, vary considerably with marrow cellularity, a factor that
is not considered in the current Reference Man skeletal model.

Fig. 9 displays the absorbed fraction profiles for a TAM source and target in the femoral head of the male
using two published methodologies and compares those results to values obtained via direct radiation transport.
In these comparisons, the radiation transport results utilize a “reference” cellularity of 0.25 for the femoral head
(solid line — no data points). Two additional values (dashed lines) are shown for 10% cellularity (lower than
average) and 40% cellularity (higher than average). Self-absorbed fractions for the TMS are calculated in this
work using an infinite trabecular region transport model as representative of the Bouchet et al. model. Next,
this curve is then uniformly scaled by a value of 0.25 at all energies to produce absorbed fractions
representative of the Eckerman and Stabin model.

Fig. 9 shows that the method used by Eckerman and Stabin greatly underestimates the absorbed fraction to
active marrow for electron energies below 200 keV. In fact at 10 keV, their method underestimates the TAM
absorbed fraction by as much as 75% as defined in their scaling approach. At electron energies above 200 keV,
however, their method produces results that differ by less than 5% from the absorbed fractions calculated in this
work, provided that the assumed reference cellularity of 25% is appropriate to the patient in question. As
shown by the dashed lines, the absorbed fraction can vary over a factor of 3.5 at high energies for corresponding
cellularity variations ranging from 10 to 40%. At 4 MeV, their method begins to overestimate the TAM self-
absorbed fractions by a factor of 1.3 in that their model does not allow for electron energy escape to the
surrounding cortical bone (macrostructural versus infinite-trabecular-region transport). The method of Bouchet
et al. is consistent with the absorbed fractions calculated by direct transport at all marrow cellularities only at
extremely low electron energies. At 20 keV, this method overestimates the absorbed fraction at reference
cellularity by a factor of 1.05, and by as much as a factor of 5.3 at 4 MeV. In the energy range of 20 keV to 200
keV, neither method accurately predicts the fraction of electron energy absorbed within the active tissues of the
marrow cavities.

In both the methods of Bouchet et al. and Eckerman and Stabin, absorbed fractions are divided by the
active marrow mass in Reference Man (0.25 x total marrow mass) to obtain corresponding values of
®(TAM ~TAM). Consequently, discrepancies in TAM ~TAM) shown in Fig. 9 are reflected in
corresponding values of ®(TAM —~ TAM) as shown in Fig. 10. The method of Eckerman and Stabin preserves
values of mean dose to active marrow per electron emission with changes in marrow cellularity for high-energy
electron sources. As the source energy decreases, however, the model of Bouchet et al. is shown to provide
accurate dosimetry at energies of 30 keV and less, provided that the assumed reference cellularity is justified for
that particular patient. If the patient’s marrow cellularity is lower than normal (10% in the extreme), the dose
per low-energy electron emission is shown to be a factor of 2.5 times higher than predicted by Bouchet et al.
and a factor of 10 times higher than that predicted by the Eckerman and Stabin model.
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Fig. 9. Electron absorbed fractions for self-irradiation of the
trabecular active marrow (TAM) within the femoral head of the
51-year male. Three dosimetry methodologies are compared.
The TAM self-absorbed fractions reported in this work are
directly calculated using the macrostructural transport model of
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indicate potential variations with changes in individual marrow.
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Fig. 10. Electron specific absorbed fractions for self-irradiation
of the trabecular active marrow (TAM) within the femoral head
of the 51-year male. These values are obtained by dividing each
curve in Fig. 9 by the corresponding mass of active marrow.
Dashed lines indicate potential variations in the specific absorbed
fraction with changes in individual marrow cellularity either
lower (10%) or higher (40%) than that of Reference Man (40%).

6. Considerations of energy loss to cortical bone

One limitation of the current Reference Man skeletal models, as published by either Eckerman and Stabin
or by Bouchet et al., is that electrons are followed within an infinite expanse of trabecular skeleton. In our
NMR microscopy studies, we have implemented macrostructural models of the thoracic vertebra of a 52-year
male (1). Recently, these models were extended to include the femoral head and humeral epiphyses of a 51-
year male, an 82-year female, and a 86-year female (9). In each model the physical size of the spongiosa and
the thickness of the cortical bone cortex were assessed via CT analysis prior to spongiosa sectioning. In these
later models, electrons are permitted to leave the spongiosa of the skeletal site and deposit energy within the
cortical bone cortex, or even escape the bone site entirely. Figs. 11 and 12, we display absorbed fraction data
from both the infinite trabecular transport model (solid lines) and the macrostructural transport model (dashed
lines) in the femoral head and in the humeral epiphysis, respectively, of the 86-year female. In Fig. 11 the total
marrow space is both the source and target, while in Fig. 12, the marrow is irradiated by electrons emitted from
within the bone trabeculae. In Fig. 11, two curves are shown for each model: one from each of two sectioned
bone prisms (S1 and S2) from the subject’s femoral head. The smaller size of the humeral epiphysis permitted
the sectioning of only one bone sample. The variation between samples in Fig. 11 indicates that potential
regional variations in trabecular microstructure are within the precision error of the imaging/transport method.
Greater variations are seen, however, between the two bone prisms taken from the 82-year female, thus
acknowledging intra-skeletal site variations in trabecular microstructure and must be taken into account when
the bone sites are sectioned.

In the femoral head of this individual, it is noted that the infinite region transport geometry potentially
overestimates the absorbed fraction of energy to marrow at electron energies as low as 1 MeV. In the smaller
humeral epiphysis of the same individual, deviations in energy deposition between the two transport geometries
are noted at even lower energies (several hundreds of keV). In Patton et al. (9), we estimated ratios of mean
absorbed fractions under both transport methodologies for the radionuclides **P and *°Y by weighting the
absorbed fraction data over their beta energy spectra. These ratios indicate that corrections to existing
radionuclide S values for **P can vary by as much as 5.4% for the male, 6.4% for the 82-year female, and 7.9%
for the 86-year female. For the higher-energy beta spectrum of Y, these same corrections can be as high as
8%, 10.2%, and 11.3%, respectively. We conclude, therefore, that macrostructural models of skeletal dosimetry
are needed, particularly for high-energy electron sources and skeletal sites of small spongiosa dimensions.
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Fig. 11. Comparison of absorbed fractions @TMS -~TMS) Fig. 12. Comparison of absorbed fractions @TMS ~TBV)
calculated using the infinite trabecular region transport and the calculated using the infinite trabecular region transport and the
macrostructural transport model, respectively, for the femoral macrostructural transport model, respectively, for the proximal
head of an 86-year-old female cadaver. humeral epiphysis of an 86-year-old female cadaver.

7. Sudies of individual variability in skeletal dosimetry — femoral head and humeral epiphysis

In Patton et al. (9), we look further at individual variability in the marrow dosimetry of the femoral heads
and humeral epiphyses of the 51-year male, 82-year female, and 86-year female. In order to highlight only
differences in both the trabecular microstructure and overall physical dimensions of the skeletal sites, we have
purposely not made a distinction between active and inactive marrow in the transport models of this study. The
conclusions drawn from the discussion in Section 5, however, are nevertheless still valid for all subjects. Data
on electron absorbed fractions for self-irradiation of the total marrow in these skeletal sites are shown in Fig. 13
below. Here we see dramatic differences in the pattern of absorbed fractions in the humerii than in the femoral
heads for all individuals, but particularly apparent in the females. The higher values of absorbed fraction in the
humerii are directly attributable to the higher marrow volume fraction of that skeletal site. As shown in Table 1
below, the marrow composes ~75% of the spongiosa volume in the femoral head of the 82-year female, while
~96% of the spongiosa volume is comprised of marrow within her humeral epiphysis. The data are consistent
with our understanding of the different biomechanical loads on the femoral and humeral trabeculae, with less
loads applied to the latter and thus less bone formation is required during skeletal remodeling. Clearly the
different trabecular microstructure has implications on the regional marrow dosimetry of that skeletal site.
Shown for comparison is the absorbed fraction energy profile of Reference Man as assessed through the
transport model of Bouchet et al. (10). In the original work by Spiers’ student J.R. Whitwell, microstructural
data were not acquired in the humerus; consequently, the Reference Man model implicitly assumes that the
humeral dosimetry is 80% that of the femoral head and 20% that of the femoral neck, where the latter two sites
were measured. Fig. 13 clearly shows that this assumption is poor, especially for the two female individuals.

As the physical size and bone volume fractions of the skeletal sites change among the three individuals in
the study, the total mass of marrow target tissue changes accordingly as shown in Table 1. Consequently, it is
instructive to normalize the absorbed fractions shown in Fig. 13 by the corresponding TMS target mass. As
defined in the MIRD schema, the resulting values of specific absorbed fraction ®(TMS —~ TMS) are directly
proportional to the mean dose to total marrow per particle emission. A spectral weighting of these values gives
the radionuclide S value.
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Fig. 14. Specific absorbed fractions ®(TMS — TMS) for the self-
irradiation of the total marrow within the femoral head and
humeral epiphysis of the 51-year male, 82-year female, and 86-
year female. The data shown are based on the absorbed fraction
data shown in Fig. 13 and the mass estimates given in Table 1.

transport model. The femoral head data shown here have been
averaged from those given by the two bone prisms sectioned from
that skeletal site.

Tablel. Estimates of spongiosa total volume, volumes of marrow, and masses of marrow within the femoral heads and humeral
epiphyses of each of the three subjects in the study. Volumetric fractions of spongiosa for the trabecular marrow space
(TMS) are determined via the segmented NMR images. Where more than one bone prism samples was obtained, the
volume fractions given below are averaged across both samples.

51-year Male 82-year Female 86-year Female
Femoral Humeral Femoral Humeral Femoral Humeral
Head Epiphysis Head Epiphysis Head Epiphysis
Volume of Spongiosa (cm®) 65.4 65.4 33.5 28.7 33.5 28.7
TM S Volume Fraction 0.63 0.84 0.75 0.96 0.63 0.95
TM S Volume (cm®) 41.2 55.0 25.1 27.5 21.1 27.4
TMSMass (g) 425 56.6 25.9 28.3 21.8 28.2

Fig. 14 thus displays values of the specific absorbed fraction for the self-irradiation of the total marrow in
each of the two skeletal sites and for each of the three individuals. At energies of ~500 keV and higher, a
convergence of the specific absorbed fractions is seen for three pairs of skeletal sites each with identical
volumes. At these higher energies, electrons loose energy in bone tissue almost as efficiently as in marrow
(stopping power ratios of about 1.1), and thus high-energy electrons deposit their energy nearly uniformly
across the spongiosa. The dose to total marrow for high-energy electrons is thus primarily a function of the
physical size of the bone site and not its total marrow mass. This is a key feature when scaling dosimetry data
from a reference individual to a given patient as the skeletal volume should be the basis of scaling. As the
energy of the source electrons decrease, these curves separate according to their differences in marrow volume
fraction (as potentially assessed via vVBMD measurements). For example, the spongiosa interior to the femoral
heads of the two females were noted to be of equal volume, yet the mass of marrow is higher in the 82-year
female than in the 86-year female (25.9 g versus 21.8 g). The corresponding dose to marrow per electron
emission is thus lower in the 82-year femoral head (see Fig. 14).  Scaling of dosimetry data between
individuals for low-energy electron sources should thus be made on the product of the spongiosa volume (as for
high-energy emitters) and the marrow volume fraction. These concepts are further developed below.
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8. Methods of scaling Reference Man data for determining patient-specific radionuclide Svalues

The data shown in Fig. 14 has lead us to consider making similar comparisons to Reference Man, and to
explore both existing and potentially new means of scaling reference skeletal data to improve the patient
specificity of radionuclide S values (11). To make this comparison, we first had to determine the equivalent
total marrow masses in the femoral head and humeral epiphyses of Reference Man. Using data from ICRP
Publication 70 and the analysis by Bouchet et al., we estimate that he has 31.4 g of total marrow in his right (or
left) femoral head and 33.6 g of total marrow in his right (or left) humeral epiphysis. Details are given in
Appendix E, yet these essentially equivalent masses are consistent with the observation of equivalent volumes
in these skeletal sites within our 51-year male. The fact that we have different masses in our 51-year male is
due to our knowledge of the marrow volume fraction in our subject; no equivalent microstructural information
is available in Reference Man to discern a difference in marrow mass for equal skeletal volume.
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Fig. 15. Specific absorbed fractions ®(TMS — TMS) for the self- Fig. 16. Specific absorbed fractions ®(TMS — TMS) for the self-
irradiation of the total marrow within the femoral head of the 51- irradiation of the total marrow within the humeral epiphysis of
year male, 82-year female, and 86-year female. the 51-year male, 82-year female, and 86-year female.

Using these mass estimates, we plot in Figs. 15 and 16 values of ®(TMS —~ TMS) within the femoral head
and humeral epiphysis, respectively, for each of the three subjects as well as for Reference Man. In Fig. 15, we
note that the slope of the curves are similar at low energies, but differ at high energies in that the Reference Man
model does not account for energy escape to cortical bone. In Fig. 16, we see a mismatch of slopes between
Reference Man and the humeral data for the three subjects, especially for the female subjects. Here, the
differential trabecular microstructure of the humerus is not properly accounted for in Reference Man .

As shown in Figs. 17 and 18, we next explore various morphometric scaling parameters in our attempts to
shift upward or downward values of ®(TMS —~ TMS) for Reference Man to match the corresponding data of the
82-year female and 86-year female, respectively (see Appendix E). Scaling parameters used include total
height, total mass, lean body mass (via biometric expressions of height and mass), and body mass index. When
scaling by lean body mass, it was not clear to us whether physicians/dosimetrists make a similar adjustment to
the total body mass of Reference Man (70 kg). Consequently, we additionally scale by the total-to-lean body
mass ratio (70 kg/LBM of patient). In attempting to match the femoral head data of the 82-year female, we find
that total body mass and BMI scale Reference Man in the wrong direction. At low energies, total-to-lean mass
scaling is best. At higher energies, no scaling method is optimal as the shapes of the specific absorbed fractions
are not equivalent at those energies. For the 86-year female, scaling by BMI or lean body mass is best at low
energies, with height scaling or even no scaling serving as the better choice at high energies. We note in Bolch
et al. (11) that “while some parameters give very good agreement for a particular person, a particular energy
range, and a particular skeletal site, no consistent scaling parameter emerges when one considers the full range
of parameter combinations. The situation, however, is not totally surprising as Reference Man is an
amalgamation of biometric and morphometric data, and, differences between the trabecular microstructural of
these two skeletal sites are not accommodated in that model.”
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Fig. 17.  Results of various approaches to proportional scaling Fig. 18. Results of various approaches to proportional scaling
of Reference Man values of ®(TMS — TMS) within the femoral of Reference Man values of ®(TMS — TMS) within the femoral
head needed to match the data for the 82-year female. head needed to match the data for the 86-year female.

These comparisons suggested to us that improved matching of the female data can be accomplished by
scaling our data of the 51-year male. In effect, he becomes the reference skeletal model. Thus, attempts to
match the femoral head data of the two females was made accordingly as shown in Figs. 19 and 20. In both
cases, scaling by lean body mass appears suitable for both female subjects. The match is better for the 82-year
female at lower energies than at higher energies. For the 86-year female scaling by body mass index provides a
virtually perfect scaling at all energies. While not totally conclusive, these attempts appear to show a more
consistent in matching the female dosimetry data than by use of Reference Man data.
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Fig. 19. Results of various approaches to proportional scaling Fig. 20.  Results of various approaches to proportional scaling
of values of ®(TMS —~ TMS) within the femoral head of the 51- of values of ®(TMS ~ TMS) within the femoral head of the 51-
year male needed to match the data for the 82-year female. year male needed to match the data for the 86-year female.

The scaling results shown above for Reference Man (Figs. 17 and 18) and for the 51-year male (Figs. 19
and 20) are generally somewhat arbitrary attempts at re-adjusting the absorbed fractions and/or target masses
used in the definition of ®(TMS —~ TMS). The previous analysis of the macrostructural transport data in Section
7, however, provides more specific methods for scaling skeletal dosimetry data from one individual to another.
For example, in Fig. 21 we attempt once more to scale values of ®(TMS — TMS) for the 51-year male to those
calculated for the 82-year female. Two scaling methods are used. We first scale by the ratio of spongiosa
volumes measured in these two individuals. Here we see the agreement at energies 300 keV and higher. Next,
we scale by ratios of (spongiosa volume) x (marrow volume fraction) or (total marrow volume). For this latter
scaling, good agreement is seen at energies below ~40 keV. In the transition energy range of 40 keV to 300
keV, both the physical size of the skeletal site and its internal microstructure (marrow volume fraction) play
roles in the absorbed dose to marrow per particle emission. Consequently, a weighted average of the two
different scaling parameters must be applied. When applied together, we achieve a nearly exact scaling across
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all energies, and thus S values for all radionuclides may be appropriately assigned to the patient. The key to this
proposed scaling methodology, however, is that skeletal volumes and marrow volume fractions must be known
in both the patient and in the reference skeletal model. Clearly, the current Reference Man model is
insufficient, and new reference skeletal models must be developed.
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The agreement shown in Fig. 21 is not surprising as detailed information on spongiosa volumes and marrow
volume fractions are known in both the reference individual (51-year male) and the “patient” (82-year female).
If this data is only available in the reference individual, the question then becomes how can these scaling
parameters be estimated in a real patient? Two scenarios are conceived. First, let us assume that the patient is
undergoing radionuclide therapy in which accurate and localized marrow dosimetry is desired (e.g., lumbar
vertebrae). A regional high-resolution CT exam will most certainly provide the imaging data needed to assess
spongiosa volumes and volumetric bone mineral density (vBMD). “Exact” scaling of radionuclide S values is
thus possible as indicated in Fig. 21 for this group of patients. The second scenario will be such that a localized
CT exam will either not be available or would not be justified. In this case, scaling by spongiosa volume
needed for high-energy beta emitters must be made using more easily measurable morphometric parameters
(body height, body mass index, etc.). We have performed a very preliminary literature search to see what
parameters might scale with skeletal volume (not mass); no specific information has yet emerged from this
effort. For low-energy emitters, one must estimate the marrow volume fraction in skeletal sites of interest.
Here, we propose that a DEXA measurement of areal bone mineral density (aBMD) might suffice if this same
information were available in the reference individual. If a new reference male and female skeletal model were
developed, we contend that CT exams of therapy patients will give sufficient information to obtain highly
patient-specific radionuclide S values for marrow dosimetry. With further research on skeletal volume scaling,
and the use of DEXA measurements of BMD, routine scaling of reference skeletal S values can be made for all
groups of patients. The first step, however, is to redefine the reference skeletal models with imaging and
dosimetry information of sufficient detail to implement the scaling methodology.

9. Absorbed Fractions for Alpha-Particles and Neutron Recoils

A computer code was developed to calculate heavy charged particle (HCP) transport in trabecular bone.
This code calculates the absorbed fraction in each of the trabecular region constituents: trabecular bone, active
(red) marrow, and inactive (yellow) marrow. The transport model uses the Continuous Slowing Down
Approximation (CSDA) range. Data for CSDA ranges was obtained from the National Institute of Standards
and Technology (NIST) ASTAR and PSTAR databases. The atomic composition and density data for the
trabecular constituents was taken from International Commission on Radiological Units and Measurements
(ICRU) Publication 49. From these data sets energy-range relationships were developed for several HCPs
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including: alpha particles, protons, and recoil carbon, nitrogen and oxygen nuclei. Figure 22 provides a plot of
the proton range relationship.
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The range relationship for alpha particles was obtained directly from the NIST ASTAR database similar to the
protons. Recoil nuclei range relationships were obtained using scaling laws based upon the Beta value of
protons and the equivalent recoil nuclei. The following equations demonstrate the relationships used to obtain
these range relationships.

R(B,) =M€ A Rp) (Eq. 1)
(mc), z

B, (mc), T,
From these relationships similar energy-range relationships were obtained for the recoil nuclei with the PSTAR
proton data being the standard (particle 1 in the equations). A curve fit was then obtained for each energy-range
relationship and used in the HCP transport model.

The transport model was then used to calculate absorbed fractions for alpha particles, protons, and recoil
carbon, nitrogen and oxygen nuclei. Alpha particles and protons were calculated for energy ranges from 1.0-
MeV to 10.0-MeV. The maximum energy for protons was chosen as 10.0 MeV since this is the maximum
energy which may be transferred to a proton by a n,p collision. The same energy range was chosen for alpha
particles so that a comparison of alpha particle and proton absorbed fractions could be made. A similar strategy
was used in determining the energy range for the carbon, nitrogen and oxygen recoil nuclei. Equation 3 was
used to determine the maximum energy transferred to each recoil nuclei.

izzM—w

E,. (M+m)’ (Ba- 3)

Ey is the energy transferred to the particle M from the collision with a neutron m, and initial energy E. Table 2
illustrates the resulting energy transfer ratios and the maximum energy for each recoil nuclei.

Table 2. Maximum energy transferred from 20 MeV neutrons to a recoil nucleus.

Recoil Maximum Energy Maximum Energy
Nuclei Transfer Ration Transferred (MeV)
proton 0.5 10
Carbon 0.142 2.84
Nitrogen 0.124 2.48
Oxygen 0.083 1.66
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Absorbed fractions were then calculated for each recoil nucleus type with a maximum energy as related in
Table 2. Initial studies have been done with NMR images of a 52-year old male humeral epiphysis and an 82-
year old female femur head. Absorbed fractions were obtained for alpha particle transport in the male humeral
epiphysis. Trabecular active marrow (TAM) and trabecular bone volume (TBV) sources were studied with
trabecular active marrow being the target. The same source-to-target relationships were also studied using the
female femur head, using proton and recoil nuclei. Each study also incorporated various cellularities into each
image using either geometric or random placement.

Figure 23 illustrates alpha particle absorbed fractions for a TAM source with a TAM target, while
Figure 24 presents a TBV source. In Figure 23, the absorbed fraction is seen to decrease with decreasing
cellularity and increasing energy. The ICRP 30 value for alpha particle absorption in TAM from TAM source
is 1.0. Our data demonstrates that the ICRP 30 assumption significantly overestimates the absorbed fraction as
cellularity decreases. This effect becomes increasingly significant as alpha particle energy increases. Even at
100% cellularity the ICRP 30 value over estimates the absorbed fraction. The TBV source also shows deviation
from the assumed 5% absorbed fraction value from ICRP 30. At lower energies the value overestimates the
actual absorbed fraction to the TAM, while at higher energies it underestimates the absorbed fraction. For
100% cellularity it overestimates the value by as much as 18%. Absorbed fractions are also seen to vary
significantly depending on the cellularity, for which they increase with increasing cellularity. For alpha
particles it has been shown that the current approach given by ICRP 30 and used in other bone dosimetry
methods is incorrect. Changes in cellularity result in significant differences in absorbed fraction for both TAM
and TBV sources.
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Fig. 24. Absorbed fraction to TAM in male humeral epiphysis
for alpha particles from a TBV source with varying cellularity.
The absorbed fractions are compared with the ICRP 30
assumption of a 0.05 absorbed fraction for alpha particles from a
TBYV source.

Fig. 23. Absorbed fraction to TAM in male humeral epiphysis for
alpha particles from a TAM source with varying cellularity. The
absorbed fractions are compared with the ICRP 30 assumption of
a 1.0 absorbed fraction for alpha particles with a TAM source.

Figures 25 and 26 illustrate proton absorbed fractions in TAM from TAM and TBV sources respectively.
A similar response is seen for protons as for alpha particles. For a TAM source irradiating a TAM target the
absorbed fraction decreases with increasing energy and decreasing cellularity. This relationship is even more
significant for protons than for alpha particles. TBV sources of protons are also similar to the TBV alpha
particle sources. Each demonstrates that as cellularity and energy increase the absorbed fraction to the TAM
also increases. This demonstrates that the KERMA approximation, which is generally used in bone dosimetry,
does not relate the actual physics of proton transport in the trabecular bone. Recoil nuclei from neutron
interactions with carbon, nitrogen and oxygen on the other hand do follow the KERMA approximation in
trabecular bone as seen in Figure 27. The absorbed fraction for each recoil nucleus is approximately 0.99.
Each relationship shows linearity or near linearity in the absorbed fraction curves. Also if the curves are
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extrapolated to lower energies their curves each approach unity for the absorbed fraction. This demonstrates
that even for the highest possible energy recoils the KERMA approximation is valid and does relate the physical
transport of recoil nuclei in trabecular bone. Therefore only protons become significant when evaluating the
KERMA approximation in the trabecular regions of the skeleton.
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Fig. 25. Absorbed fraction to TAM in male humeral epiphysis Fig. 26. Absorbed fraction to TAM in male humeral epiphysis for
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10. Improved Characterization of the Bone-Marrow Interface for Radiation Dosimetry Modeling

As discussed in Section 2, dosimetry errors can occur in transporting short-ranged particles within
voxelized representations of trabecular bone. In this task, we have explored improved methods of representing
the bone-marrow interface so as to minimize these effects as much as possible. Fig. 28 shows a 3D
representation of a sample of trabecular bone, below which is an enlarged section of a region of a single marrow
cavity. In the lower figure, the bone-marrow interface is represented, not as individual voxels of bone, but has a
grid of triangular segments using the Marching Cubes Algorithm, a technique originally developed for 3D
visualization of digital objects (12, 13). Our research team is the first to apply this algorithm to a digital image
needed as input to a radiation transport code (e.g., EGSnrc). As displayed in Fig. 29a, improvements are shown
to be minimal for accurate measurements of the marrow volume fraction; however, substantial improvements in
measurements of the trabecular surface area are shown in Fig. 29b. The voxelized model approaches a 50%
overestimate of the trabecular surfaces, a fact that does not change with increasing higher resolution. For the
MC model, errors of only a few percent are found at voxel sizes of ~50-60 um, that achievable via NMR
microscopy. The corresponding improvements in electron dosimetry are noted in Figs. 28 and 29. In Fig. 28,
the relative error in the cross-region absorbed fraction (a- marrow source irradiating bone , or b — bone source
irradiating marrow), are shown to approach 35% for 50-keV electrons. For the surface-smoothed model,
however, errors of only a few percent are approached at voxel sizes below ~60 pum for all electron source
energies (see Fig 29).
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Fig. 28. 3D representation of a sample of trabecular bone.
The bottom figure shows a small segment of the bone
trabecular in which the bone-marrow interface is approximated

using the Marching Cube algorithm.
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fractions for the voxelized model of trabecular bone.
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